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Using eþe− annihilation data corresponding to an integrated luminosity of 3.19 fb−1 collected at a
center-of-mass energy of 4.178 GeV with the BESIII detector, we measure the absolute branching fractions
BDþs →ηeþνe ¼ ð2.323 0.063stat  0.063systÞ% and BDþs →η0eþνe ¼ ð0.824 0.073stat  0.027systÞ% via a
tagged analysis technique, where one Ds is fully reconstructed in a hadronic mode. Combining these
measurements with previous BESIII measurements of BDþ→ηð0Þeþνe , the η − η
0 mixing angle in the quark
flavor basis is determined to be ϕP ¼ ð40.1 2.1stat  0.7systÞ°. From the first measurements of the
dynamics of Dþs → ηð0Þeþνe decays, the products of the hadronic form factors f
ηð0Þ
þ ð0Þ and the Cabibbo-
Kobayashi-Maskawa matrix element jVcsj are determined with different form factor parametrizations.
For the two-parameter series expansion, the results are fηþð0ÞjVcsj ¼ 0.4455 0.0053stat  0.0044syst and
fη
0
þð0ÞjVcsj ¼ 0.477 0.049stat  0.011syst.
DOI: 10.1103/PhysRevLett.122.121801
Exclusive D semileptonic (SL) decays provide a power-
ful way to extract the weak and strong interaction couplings
of quarks due to simple theoretical treatment [1–3]. In the
standard model, the rate of Dþs → ηeþνe and Dþs → η0eþνe
depends not only on Vcs, an element of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix describing weak tran-
sitions between the charm and strange quarks, but also on
the dynamics of strong interaction, parametrized by the
form factor (FF) fη
ð0Þ
þ ðq2Þ, where q is the momentum
transfer to the eþνe system. Unlike the final-state hadrons
K and π, the mesons ηð0Þ are especially intriguing because
the spectator quark plays an important role in forming the
final state. This gives access to the singlet-octet mixing of
the η − η0 gluon [4,5], whose mixing parameter can be
determined from the SL decays, and, consequently,
gives a deeper understanding of nonperturbative QCD
confinement.
Recently, the FF fη
ð0Þ
þ ð0Þ were calculated using lattice
quantum chromodynamics (LQCD) [6] and QCD light-
cone sum rules (LCSR) [7,8] by assuming particular
admixtures of quarks and gluons [9–11] for η and η0
mesons. As information concerning the gluon content in
the η0 remains inconclusive, large uncertainties may be
involved. Measurements of fη
ð0Þ
þ ð0Þ are crucial to cali-
brate these theoretical calculations. Once the predicted
fη
ð0Þ
þ ð0Þ pass these experimental tests, they will help
determine jVcsj, and, in return, help test the unitarity of
the CKM quark mixing matrix. Additionally, measure-
ments of the branching fractions (BFs) of Dþs →
ηð0Þeþνe can shed light on η − η0-gluon mixing. The
η − η0 mixing angle in the quark flavor basis, ϕP, can be
related to the BFs of the D and Ds via cot4ϕP ¼
f½ðΓDþs →η0eþνeÞ=ðΓDþs →ηeþνeÞ=½ðΓDþ→η0eþνeÞ=ðΓDþ→ηeþνeÞg,
in which a possible gluon component cancels [9].
Determination of ϕP gives a complementary constraint
on the role of gluonium in the η0, thus helping to
improve our understanding of nonperturbative QCD
dynamics and benefiting theoretical calculations of D
and B decays involving the ηð0Þ.
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Previous measurements of the BFs of Dþs → ηð0Þeþνe
were made by CLEO [12–14] and BESIII [15], but these
measurements include large uncertainties. This Letter
reports improved measurements of the BFs and the first
experimental studies of the dynamics of Dþs → ηð0Þeþνe
[16]. Based on these, the first measurements of fη
ð0Þ
þ ð0Þ are
made, and measurements of jVcsj and ϕP are presented.
This analysis is performed using eþe− collision data
corresponding to an integrated luminosity of 3.19 fb−1
taken at a center-of-mass energy Ec:m: ¼ 4.178 GeV with
the BESIII detector. A description of the design and
performance of the BESIII detector can be found in
Ref. [17]. For the data used in this Letter, the end cap
time-of-flight system was upgraded with multigap resistive
plate chambers with a time resolution of 60 ps [18,19].
Monte Carlo (MC) simulated events are generated with a
GEANT4-based [20] detector simulation software package,
which includes the geometric description and a simulation
of the response of the detector. An inclusive MC sample
with equivalent luminosity 35 times that of data is produced
at Ec:m: ¼ 4.178 GeV. It includes open charm processes,
initial state radiation (ISR) production of ψð3770Þ,
ψð3686Þ, and J=ψ , qq¯ðq ¼ u; d; sÞ continuum processes,
along with Bhabha scattering, μþμ−, τþτ−, and γγ events.
The open charm processes are generated using CONEXC
[21]. The effects of ISR and final state radiation (FSR) are
considered. The known particle decays are generated with
the BFs taken from the Particle Data Group (PDG) [22]
by EVTGEN [23], and the other modes are generated using
LUNDCHARM [24]. The SL decays Dþs → ηð0Þeþνe are
simulated with the modified pole model [25].
At Ec:m: ¼ 4.178 GeV, Dþs mesons are produced mainly
from the processes eþe− → Dþs D−s þ c:c: → Dþs γðπ0ÞD−s .
We first fully reconstruct oneD−s in one of several hadronic
decay modes [called the single-tag (ST) D−s ]. We then
examine the SL decays of theDþs and the γðπ0Þ from theDs
[called double-tag (DT) Dþs ]. The BF of the SL decay is
determined by
BSL ¼ NtotDT=ðNtotST × ϵγðπ0ÞSLÞ; ð1Þ
where NtotST and N
tot
DT are the ST and DT yields in data,
ϵγðπ0ÞSL is the efficiency of finding γðπ0Þηð0Þeþνe deter-
mined by
P
kðNkST=NtotSTÞðϵkDT=ϵkSTÞ, where ϵkST and ϵkDT are
the efficiencies of selecting STand DT candidates in the kth
tag mode, and estimated by analyzing the inclusive MC
sample and the independent signal MC events of various
DT modes, respectively.
The ST D−s candidates are reconstructed using fourteen
hadronic decay modes as shown in Fig. 1. The selection
criteria for charged tracks and K0S, and the particle
identification (PID) requirements for π and K, are the
same as those used in Ref. [26]. Positron PID is performed
by using the specific ionization energy loss in the main drift
chamber, the time of flight, and the energy deposited in the
electromagnetic calorimeter (EMC). Confidence levels for
the pion, kaon, and positron hypotheses (Lπ , LK, and Le)
are formed. Positron candidates must satisfy Le > 0.001
and Le=ðLe þ Lπ þ LKÞ > 0.8. The energy loss of the
positron due to bremsstrahlung is partially recovered by
adding the energies of the EMC showers that are within 10°
of the positron direction and not matched to other particles
(FSR recovery).
Photon candidates are selected from the EMC showers
that begin within 700 ns of the event start time and have an
energy greater than 25 (50) MeV in the barrel (end cap)
region of the EMC [17]. Candidates of π0 or ηγγ are formed
by photon pairs with an invariant mass in the range (0.115,
0.150) or ð0.50; 0.57Þ GeV=c2. To improve the momentum
resolution, the γγ invariant mass is constrained to the π0







, ρ0, and ρ− are formed from πþπ−π0,
ηγγπ
þπ−,γρ0πþπ− , π
þπ−, and π−π0 combinations whose
invariant masses fall in the ranges (0.53,0.57),
(0.946,0.970), (0.940,0.976), (0.57,0.97), and ð0.57;
0.97Þ GeV=c2, respectively.
To remove soft pions originating fromD transitions, the
momenta of pions from the ST D−s are required to be larger
than 0.1 GeV=c. For the tag modes D−s → πþπ−π− and
K−πþπ−, the contributions of D−s → K0Sπ
− and K0SK
− are
removed by requiring Mπþπ− outside 0.03 GeV=c2
around the K0S nominal mass [22].
FIG. 1. Spectra of Mtag of the ST candidates. Dots with error
bars are data. Blue solid curves are the fit results. Dashed curves
are the fitted backgrounds. The black solid curve in the K0SK
−
mode is D− → K0Sπ
− background. Pairs of arrows denote the D−s
signal regions within 3σ around the nominal D−s mass [22].
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The STD−s mesons are identified by the beam constrained
massMBC ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m:=2Þ2 − jp⃗D−s j2
q







Þ2 − jp⃗D−s j2
r
, where p⃗D−s
is the 3-momentum of the ST candidate and MD−s is the
nominal D−s mass [22]. Non-Dþs D−s events are suppressed
by requiringMBC ∈ ð2.010; 2.073Þ GeV=c2. In each event,
only the candidate with Mrec closest to the nominal Dþs
mass [22] is chosen. The ST yield is determined by fits to
the Mtag spectra for each of the 14 tag modes shown in
Fig. 1, whereMtag is the invariant mass of the ST candidate.
Signals and the D− → K0Sπ
− peaking background in the
D−s → K0SK
− mode are described by MC-simulated shapes.
The nonpeaking background is modeled by a second- or
third-order Chebychev polynomial. To account for the
resolution difference between data and MC simulation,
the MC simulated shape(s) is convolved with a Gaussian
for each tag mode. The reliability of the fitted nonpeaking
background has been verified using the inclusive MC
sample. Events in the signal regions, denoted by the
boundaries in each subfigure of Fig. 1, are kept for further
analysis. The total ST yield is NtotST ¼ 395142 1923.
Once the D−s tag has been found, the photon or π0
from the Dþs transition is selected. We define the




j − p⃗γðπ0Þ − p⃗tagj2 þM2Dþs
q
, Ei and p⃗i
[i ¼ γðπ0Þ or tag] are the energy and momentum of γðπ0Þ or
D−s tag, respectively. All unused γ or π0 candidates are
looped over and that with the minimum jΔEj is chosen.
Candidates with ΔE ∈ ð−0.04; 0.04Þ GeV are accepted.
The signal candidates are examined by the kinematic
variable MM2 ≡ ðEc:m: − Etag − Eγðπ0Þ − Eηð0Þ − EeÞ2−
j − p⃗tag − p⃗γðπ0Þ − p⃗ηð0Þ − p⃗ej2, where Ei and p⃗i (i ¼ e or
ηð0Þ) are the energy and momentum of eþ or ηð0Þ. To
suppress backgrounds from Dþs hadronic decays, the
maximum energy of the unused showers (Emaxγextra) must
be less than 0.3 GeV and events with additional charged
tracks (Nextrachar ) are removed. We requireMη0eþ <1.9GeV=c
2
for Dþs → η0eþνe and cos θhel ∈ ð−0.85; 0.85Þ for Dþs →
η0
γρ0
eþνe to further suppress the Dþs → η0πþ and Dþs →
ϕeþνe backgrounds, where θhel is the helicity angle
between the momentum directions of the πþ and the η0
in the ρ0 rest frame.
Figure 2 shows the MM2 distribution after all selection
criteria have been applied. The signal yields are determined
from a simultaneous unbinned maximum likelihood fit
to these spectra, where BDþs →ηð0Þeþνe measured using two
different ηð0Þ subdecays are constrained to be the same after
considering the different efficiencies and subdecay BFs.
The signal and background components in the fit are
described by shapes derived from MC simulation. For
the decay Dþs → η0γρ0e
þνe, some peaking background from
Dþs → ϕeþνe still remains. This background is modeled by
a separate component in the fit; its size and shape are fixed
based on MC simulation.
Table I summarizes the efficiencies for finding SL
decays, the observed signal yields, and the obtained BFs.
With the DT method, the BF measurements are insensi-
tive to the ST selection. The following relative systematic
uncertainties in the BF measurements are assigned. The
uncertainty in the ST yield is estimated to be 0.6% by
alternative fits to the Mtag spectra with different signal
shapes, background parameters, and fit ranges. The uncer-
tainties in the tracking or PID efficiencies are assigned as
0.5% per π by studying eþe− → KþK−πþπ−, and 0.5%
per eþ by radiative Bhabha process, respectively. The
uncertainties of the Emaxγextra and Nextrachar requirements are
estimated to be 0.5% and 0.9% by analyzing DT hadronic
events. The uncertainties of the ΔE requirement, FSR
recovery and θhel requirement are estimated with and
without each requirement, and the BF changes are 0.8%,
0.8%, and 0.1%, respectively, which are taken as the
FIG. 2. Distributions of MM2 of the SL candidates. Dots with
error bars are data. Solid curves are the best fits. Dotted curves are
the fitted nonpeaking backgrounds. The dash-dotted curve is the
peaking background due to Dþs → ϕeþνe.
TABLE I. Efficiencies (ϵγðπ0ÞSL), signal yields (NtotDT), and the
obtained BFs. Uncertainties on the least significant digits are
shown in parentheses, where the first (second) uncertainties are
statistical (systematic). The efficiencies do not include the BFs of
ηð0Þ subdecays.
Decay ηð0Þ decay ϵγðπ0ÞSL (%) NtotDT BSL (%)
ηeþνe γγ 41.11(27) 1834(47) 2.323(63)(63)
π0πþπ− 16.06(31)
η0eþνe ηπþπ− 14.07(10) 261(22) 0.824(73)(27)
γρ0 18.98(10)
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individual uncertainties. The uncertainties of the selection
of neutral particles are assigned as 1.0% per photon by
studying J=ψ → πþπ−π0 [27] and 1.0% per π0 or η by
studying eþe− → KþK−πþπ−π0. The uncertainty due to
the signal model is estimated to be 0.5% by comparing the
DT efficiencies before and after reweighting the q2 dis-
tribution of the signal MC events to data. The uncertainty
of the MM2 fit is assigned as 0.9%, 1.3%, 1.2%, and 1.2%
for Dþs → ηγγeþνe, ηπ0πþπ−eþνe, η0ηπþπ−e
þνe, and η0γρ0e
þνe
(the same sequence later), respectively, by repeating fits
with different fit ranges and different signal and back-
ground shapes. The ST efficiencies may be different due to
the different multiplicities in the tag environments, leading
to incomplete cancellation of the systematic uncertainties
associated with the ST selection. The associated uncer-
tainty is assigned as 0.4%, 0.3%, 0.3%, 0.3%, from studies
of the efficiency differences for tracking and PID of K
and π as well as the selection of neutral particles between
data and MC simulation in different environments. The
uncertainty due to the Mη0eþ requirement is found to be
negligible. The uncertainty due to peaking background is
assigned to be 1.4% by varying its size by 1σ of the
corresponding BF. The uncertainties due to the quoted BFs,
0.9%, 1.4%, 1.8%, and 1.9% of ηð0Þ decays [22] are also
considered. For each decay, the total systematic uncertainty
is determined to be 2.7%, 3.3%, 3.4%, and 4.0% by adding
all these uncertainties in quadrature.
With the BFs measured in this work, we
determine the BF ratio RD
þ
s
η0=η¼BDþs →ηeþνe=BDþs →η0eþνe ¼
0.3550.033stat0.015syst, where the systematic uncer-
tainties on the ST yield and due to the photon from Dþs ,
FSR recovery, tracking and PID of eþ cancel. Using
these BFs and BDþ→ηð0Þeþνe reported in Ref. [28], we
determine the η − η0 mixing angle to be ϕP ¼
ð40.1 2.1stat  0.7systÞ°. This result is consistent with
previous measurements using D → ηð0Þeþνe decays [9]
and ψ → γηð0Þ decays [10] within uncertainties.
To study the Dþs → ηð0Þeþνe dynamics, the candidate
events are divided into various q2 intervals. The measured
partial decay width ΔΓimsr in the ith q2 interval is deter-
mined by ΔΓimsr ≡ RiðdΓ=dq2Þdq2 ¼ ðNipro=τDþs × NtotSTÞ,
where τDþs is the lifetime of the D
þ
s meson [22,29], and




j ðϵ−1ÞijNjobs. Herem is the number
of q2 intervals, Njobs is the observed DTyield obtained from
similar fits to the MM2 distribution as described previously,
and ϵij is the efficiency matrix determined from signal MC
events and is given by ϵij ¼
P
k½ð1=NtotSTÞ × ðNijrec=NjgenÞk×
ðNkST=ϵkSTÞ, where Nijrec is the DT yield generated in the
jth q2 interval and reconstructed in the ith q2 interval, Njgen
is the total signal yield generated in the jth q2 interval, and
k sums over all tag modes. See Tables I and II of Ref. [30]
for details about the range, Niobs, N
i
prd, andΔΓimsr of each q2
interval for Dþs → ηeþνe and Dþs → η0eþνe, respectively.







jfηð0Þþ ðq2Þj2jpηð0Þ j3; ð2Þ
where jpηð0Þ j is the magnitude of the meson 3-momentum in
the Dþs rest frame and GF is the Fermi constant. In the
modified pole model [31],
fþðq2Þ ¼
fþð0Þ





where Mpole is fixed to MDþs and α is a free parameter.
Setting α ¼ 0 and leaving Mpole free, it is the simple
FIG. 3. Projections of the fits to ΔΓimsr of Dþs → ηð0Þeþνe. Dots
with error bars are data. The ΔΓimsrs measured with the two ηð0Þ
decay modes are offset horizontally for improved clarity. The
curves show the best fits as described in text. Pink lines with
yellow bands are the LCSR calculations with uncertainties [7].
TABLE II. Results of the fits to ΔΓimsr. Uncertainties on the least significant digits are shown in parentheses, where the first (second)
uncertainties are statistical (systematic). Nd:o:f . is the number of degrees of freedom.
Case
Simple pole Modified pole Series 2 Par.
fη
ð0Þ
þ ð0ÞjVcsj Mpole χ2=Nd:o:f . fη
ð0Þ
þ ð0ÞjVcsj α χ2=Nd:o:f . fη
ð0Þ
þ ð0ÞjVcsj r1 χ2=Nd:o:f .
ηeþνe 0.4505(45)(31) 3.759(84)(45) 12.2=14 0.4457(46)(34) 0.304(44)(22) 11.4=14 0.4465(51)(35) −2.25ð23Þð11Þ 11.5=14
η0eþνe 0.483(42)(10) 1.88(60)(08) 1.8=4 0.481(44)(10) 1.62(91)(13) 1.8=4 0.477(49)(11) −13.1ð76Þð10Þ 1.9=4
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1þ Bð0Þ ½1þ Bðq
2Þ: ð4Þ
Here, Aðq2Þ ¼ Pðq2ÞΦðq2; t0Þ, Bðq2Þ ¼ r1ðt0Þzðq2; t0Þ,
t0 ¼ tþð1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − t−=tþ
p Þ, t ¼ ðMDþs MηÞ, and rk is a
free parameter. The functions Pðq2Þ, Φðq2; t0Þ, and
zðq2; t0Þ are defined following Ref. [31].
For each SL decay, the product fþð0ÞjVcsj and one other





ðΔΓimsr − ΔΓiexpÞC−1ij ðΔΓjmsr − ΔΓjexpÞ; ð5Þ
with ΔΓimsr and the theoretically expected value ΔΓiexp,
where Cij ¼ Cstatij þ Csystij is the covariance matrix of ΔΓimsr
among q2 intervals, as shown in Tables III and IV
in Ref. [30]. For each ηð0Þ subdecay, the statistical
covariance matrix is constructed with the statistical







jα ½σðNαobsÞ2. The systematic covari-
ance matrix is obtained by summing all the covariance
matrices for all systematic uncertainties, which are all
constructed with the systematic uncertainty in each q2
interval [δðΔΓimsrÞ] as Csystij ¼ δðΔΓimsrÞδðΔΓjmsrÞ. Here, an
additional systematic uncertainty in τDþs (0.8%) [22,29] is
involved besides those in the BF measurements.
The ΔΓimsr measured by the two ηð0Þ subdecays are fitted
simultaneously, with results shown in Fig 3. In the fits, the
ΔΓimsr becomes a vector of length 2m. Uncorrelated
systematic uncertainties are from tag bias, MC statistics,
quoted BFs, η (and π0) reconstruction, and FF parametri-
zation, while other systematic uncertainties are fully
correlated. Table II summarizes the fit results, where the
obtained fη
ð0Þ
þ ð0ÞjVcsj with different FF parametrizations are
consistent with each other.
Combining jVcsj ¼ 0.97343 0.00015 from the global
fit in the SM [22] with fη
ð0Þ
þ ð0ÞjVcsj extracted from the
two-parameter series expansion, we determine fηþð0Þ ¼
0.4576 0.0054stat  0.0045syst and fη
0
þð0Þ ¼ 0.490 
0.050stat  0.011syst. Table III compares the measured
FFs with various theoretical calculations within uncertain-
ties. When combining fηþð0Þ and fη
0
þð0Þ calculated from
Ref. [7], we obtain jVcsj ¼ 1.031 0.012stat  0.009syst 
0.079theo and 0.917 0.094stat  0.021syst  0.155theo,
respectively. These results agree with the measurements
of jVcsj using D → K¯lþνl [33–38] and Dþs → lþνl
decays [39–43] within uncertainties.
In summary, by analyzing a data sample of 3.19 fb−1
taken at Ec:m: ¼ 4.178 GeV with the BESIII detector, we
measure the absolute BFs of Dþs → ηð0Þeþνe with a DT
method. The precision is improved by a factor of 2
compared to the world average values. Using these BFs
and BðDþ → ηð0ÞeþνeÞ measured in our previous work
[28], we determine the η − η0 mixing angle ϕP, which
provides complementary data to constrain the gluon com-
ponent in the η0 meson. From an analysis of the dynamics in
Dþs → ηð0Þeþνe, the products of f
ηð0Þ
þ ð0ÞjVcsj are determined
for the first time. Furthermore, by taking jVcsj from a
standard model fit (CKMFITTER [22]) as input, we deter-
mine the FF at zero momentum transfer fη
ð0Þ
þ ð0Þ for the first
time. The obtained FFs provide important data to distin-
guish various theoretical calculations [6–8,45–48].
Alternatively, we also determine jVcsj with Dþs →
ηð0Þeþνe decays for the first time, by taking values for
fη
ð0Þ
þ ð0Þ calculated in theory. Our result on jVcsj together
with those measured by D → K¯lþνl and Dþs → lþνl are
important to test the unitarity of the CKM matrix.
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